A variable, mono-energetic positron beam was employed to study the free volume characteristics of coating system composed of zinc oxide nanoparticles dispersed in waterborne polyurethane. Positron annihilation lifetime spectroscopy, in tandem with Doppler-broadening energy spectra and derived S parameter is used to quantitatively assess the free volume and interfacial interactions between zinc oxide nanoparticle surface and waterborne polyurethane. It was found that S parameter decreases with increasing ZnO load from 0 to 5%. The decrease of S parameter is explained as a result of strong interfacial interactions between the surface of the ZnO nanoparticles and WBPU chains. Furthermore, the half depth where the change in S parameter is reduced by half from the surface to bulk was found to increase with increasing ZnO concentration. These results are presented in the framework of free volume interactions in which the S parameter is quantitatively used to characterize the free volume in the inorganic/organic nanocomposite matrix.
Introduction
The mixing of nanoparticles with polymers to form composite materials has been investigated experimentally for decades. Nanocomposites are defined as composites having more than one solid phase with a dimension of less than 100 nm. Recently, polymer/ nanoparticle hybrid materials (''nanocomposites'') have been prepared and studied extensively because of their advanced mechanical, thermal, and physicochemical properties. [1] [2] [3] [4] [5] It has been found that polymer nanocomposites have many advantages rather than the traditional polymer composites. The nanoscopic interaction between polymer and a nanoparticle (here, ''nanofiller'') surface is more important than the contacts with conventional fillers, because the surface area of the interface with a nanofiller is much larger. Thus, the advanced properties of polymer nanocomposites result from the interactions of the polymer functional groups and the nanoparticle surface in the interface area. However, the interactions between nanoscopic particle surfaces and polymer matrices have often not been fully characterized because there is no probe that detects the change in the interface without interference from the other layers in the polymer matrix. A common, indirect way to study the interfacial interactions is to vary nanofiller content and observe any resulting bulk property changes in a systematic way.
Zinc oxide (ZnO) is an economically significant semiconductor material due to industrial and consumer demand for optoelectronic devices operating in the blue and ultraviolet range. 6 ZnO exhibits strong, characteristic UV absorption and a distinct feature with a band gap of 3.4 eV [6] [7] [8] (365 nm); ZnO has also been shown to have significant antibacterial activity at physiological pH (typically around 7 to 8) in the absence of light. 9 The UV attenuation properties of ZnO have led to its successful use as an additive in packaging plastics to help prevent UV damage. ZnO nanoparticles are prepared by a variety of methods including hydrothermal or sol/gel syntheses, thermal evaporation, electrochemical deposition, and sonochemical methods. 10 Because of the environmental and safety issues, a lot of studies were done to enhance the increasing request to reduce volatile organic compounds (VOCs) and hazardous air pollutants emissions, increasing the efforts to formulate waterborne systems for use as coatings. Waterborne polyurethanes (WBPUs) represent a new type of polyurethane (PU) that may be dispersed in water to enhance industrial processing and extend PU materials into new applications in manufacturing, electronics, adhesives, coatings, membranes, and in biotechnology. 11, 12 It is known that WBPUs are green materials, which are of great importance both academic and commercial reasons. WBPUs are of specific major interest in PU development due to its industrial applications. [13] [14] [15] [16] [17] [18] specially in the coating industry. 13 On the other hand, using WBPU could reduce environmental pollution and health and safety risks associated with organic solvents. Specifically, designed polyurethanes offer a number of desirable properties, especially elasticity, due to specific microstructural features in the polymer. Typically, a PU polymer has to contain two modifiable parts-rigid and flexible segments (termed ''hard'' and ''soft'', respectively). [19] [20] [21] [22] [23] [24] [25] [26] [27] The ''soft'', low polarity segments are often comprised of polyols that impart elastic character to the polymer. The ''hard'' portions of the PU arise from the planar, high polarity urethane functional group that acts as an insert with high modulus. At the microscale, phase-separated microdomains of the hard and soft components of the PU form due to their thermodynamic incompatibility. With modifications, the properties of a specific WBPU will be related to the segments' chemical structures and relative fractions of hard versus soft segments.
Positron annihilation lifetime spectroscopy (PALS) was used in the 1940s for the first time after the discovery of the formation of g -radiation resulting from positrons injected into a metal surface. 28, 29 PALS is a unique method, developed in many laboratories over the last four decades, that provides a direct, nanoscopic probe of defect, hole and free volume properties in polymeric materials. [30] [31] [32] [33] [34] The positronium, as a probe, is uniquely suited to and sensitive to the size and amount of free volume due to its small classical size (1.06 Å ) and short lifetime ($ ns). Due to the broad energy distribution of positron source, conventional PALS can only perform measurements on the bulk properties of a polymer. After slow positron beam apparatus and techniques were developed, they were applied to the study of depth profiles and the varied properties of polymer structures from surface to bulk. 31, [35] [36] [37] [38] [39] [40] [41] Compared with well-established slow positron beam methods for the depth profiling of defects in amorphous or crystalline solids, 35, [38] [39] [40] [41] the study of polymeric materials is more complicated due to positronium formation in the free volume of the polymer, the diffusion of e þ and Ps, and the surface to bulk transitions in the material. In bulk polymer studies, three positronium (Ps) lifetimes are typically resolved from a PAL spectrum, usually denoted as 1 , 2 and 3 with the respective intensities, I 1 , I 2 and I 3 . These lifetime phenomena are attributed to para-Ps (p-Ps), free positron, and ortho-Ps (o-Ps) pick-off annihilation, respectively. 30, 41 Because of the sensitivity of o-Ps to the dimensions of the microscopic free volume present in amorphous polymers, the o-Ps pick-off annihilation is the most important component in polymer studies (there is no o-Ps formation in defect-free crystalline materials). After positrons interact with a polymer, there are a number of different locations for the positron or Ps to reside before annihilation events: first, at the surface; second, in the polymer bulk matrix; third, in a defect, such as a cavity, the free volume, or voids; and finally in vacuum, due to back-diffusion. In addition, all positron incident energies are broadened due to intrinsic implantation depth profile properties. All of these factors complicate researchers' ability to adequately study the surface, subsurface and microdomains of polymers, and any interface or inter-phase regions in polymers or hybrid materials. To partly resolve positron depth profiling problems, the VEPFIT 42, 43 computer program has been developed successfully for polymer studies. 44 Open-volume defects in materials preferentially trap positrons and Ps. Consequently, PAS techniques and experiments, and, especially positron beam techniques can provide unique and complementary information to that obtained by materials science methods that evaluate materials structure and/or composition. For studying the layered structure material, a variety of techniques have been employed for some time, and these methods include Rutherford backscattering (RBS), nuclear reaction analysis (NRA), and secondary ion mass spectrometry (SIMS). While these techniques may allow for the depth profiling of material atomic and molecular impurities or differences, they lack the sensitivity to probe the free volume present in the material. A few analytical techniques are sensitive to Angstrom-scale holes in materials, such as scanning tunneling microscopy (STM) and atomic force microscopy (AFM), but are limited to static surface features. Most polymer defects reside in dynamic or static free space formed between polymer chains, also on an Angstrom scale, thus making positron annihilation spectroscopy a unique and powerful tool for polymer characterization.
The aim of the present study is to investigate the molecular and interfacial interactions of ZnO nanoparticles in a WBPU matrix using a variable, monoenergetic positron beam. This technique can directly measure depth profiles in nanocomposites, probe the free volume at depth in a material, and is sensitive to interfacial phenomena. The results are comparable to a previous study that investigated free volume decreases arising from polymer/polymer H-bonding interactions. 45 
Experimental Materials
A commercial WBPU dispersion (Bayhydrol Õ , purchased from Covestro Adhesive manufacturing company) was obtained and used in the prepared samples. This particular polyurethane is comprised of long-chain aliphatic polyester sections that form a ''soft'' elastomeric domains with lower relative melting points, and ''hard'' glassy microdomains arising from the aggregation of rigid and polar urea (-NHCONH-) and urethane (-NHCOO-) connecting groups. Phase separation at the microscale results from the incompatibility between microdomains of inter-chain H-bonding between the urea and/or urethane groups and the less polar and more flexible ''soft'' polymeric segments. The ''harder'' microdomains weave through the softer, flexible portions of the polymer and behave as noncovalent, physical cross-links, contributing to the resulting material strength of the WBPU coating. [19] [20] [21] [22] The dispersion of ZnO nanoparticles (NANOBYK-3820, BYK) was comprised of 45% non-volatiles with 86% of that mass being ZnO (via thermogravimetry analysis, TGA). The mean ZnO nanoparticle size is 20 nm (from manufacturer's specifications); the product is designed to enhance the UV stability of wood and other coatings as well as coatings used in building materials. 13 Films made up of WBPU with added ZnO nanoparticle filler (ZnO/WBPU) with concentrations 0%, 1%, 2% and 5% were prepared by mixing the PU with varied amounts of nanoparticle dispersion with mechanical stirring (model Dispermat, VMA) at 315 rad/s (3000 r/min) for 20 min. After degassing for 1 h in vacuum, the mixture was then applied to the substrates. Thick films having a thickness of 100 mm were prepared by drawdown technique on the glass substrate that was pretreated with a releasing agent. All films were dried overnight under ambient conditions, followed by an oven postcure at 423 K for 10 min. Freestanding ZnO/WBPU films were obtained by removing the thick films from the glass substrates. WBPU films without ZnO nanoparticles also were prepared for comparison.
Doppler-broadening energy spectra
The technique of Doppler broadening energy spectroscopy (DBES) was employed to evaluate each ZnO/ WBPU sample over a range of energy covering 0.1-30 keV (room temp (rt).; < 1 Â 10 -6 Torr) in a variable, mono-energetic positron beam at the Positron Science Laboratory at University of Missouri-Kansas City (UMKC). The DBES spectra were recorded at rt as a function of positron energy from 100 eV to 30 keV. The DBES spectra were measured using HP Ge detector (EG&G Ortec with 35% efficiency and energy resolution of 1.5 keV at 511 keV peak) with counting rate of approximately 2500 cps. The total number of counts for each DBES spectrum was 2.0 million. The obtained DBES spectra were characterized by the S parameter, defined as a ratio of integrated counts (area A of Figure 1 ) between energy 510.3 and 511.7 keV (S width) to total counts after the background was properly subtracted. Since the S parameter represents the relative value of the low momentum part of positron electron annihilation radiation, it is sensitive to the change of the positron and positronium (Ps) states due to microstructural changes. 46 When the positron and Ps are localized in a hole or free volume with a finite size, the observed S parameter is a measure of the momentum broadening according to the uncertainty principle: a larger hole results in a larger S parameter value and the amount of para positronium (singlet state). The S parameter has been successfully used in detecting the free-volume depth profile in polymeric systems. The two other parameters from DBES are also reported here: (1) the high momentum W parameter (reciprocal of S parameter), which is defined as a ratio of integrated counts (area B of Figure 1 ) between energy 508.0 and 509.4 keV (left W width) and energy 512.6 and 514.0 keV (right W width) to total counts after the background was properly subtracted, and (2) the 3 to 2g annihilation ratio, R parameter, which is defined as the ratio of the total count from the valley region with an energy with a width between 364.2 and 496.2 keV (which is from 3 annihilation) and the total count from the 511 keV peak region with a width between E 1 ¼ 504. 35 and E 2 ¼ 517.65 keV (which is from 2 annihilation). The R parameter provides information about the existence of large pores (nm to mm), where o-Ps undergoes 3 annihilation 46 while S, and W are from p-Ps and o-Ps undergoing 2 radiation (pick-off annihilation) in free volumes (Å to nm). The definitions of S, W, and R from DBES are schematically shown in Figure 1 . The VEPFIT program was used for depth profiling analysis of the multilayer structure. 42, 43 Results and discussion
In DBES, the amount and size of free volume contributing to positron annihilation in polymers yields spectra that are related by a shape (S) parameter. 46 Figure 2 shows depth profiles for ZnO/WBPU nanocomposites with varied ZnO nanofiller in terms of the DBES S parameter using a variable, monoenergetic positron beam. The estimated average depth (abscissa, Figure 2 ) of positron implantation into the nanocomposite samples is based on the following conversion
where Z(E þ ) is the depth in mm, is sample density (g/cm 3 ) , and E þ is the incident positron energy in keV.
As seen in Figure 2 , an increase in the positron implantation energy, E, from approximately 0.1 to 27 keV, results in the S parameter increasing rapidly, corresponding to positron annihilation phenomena from the surface to the bulk material. After a certain implantation energy, around 5 keV, corresponding to some depth, the S parameter remains nearly constant. Lower values of S in the regions at and near surface correspond to backscattering and back-diffusion of positronium atoms to the vacuum (the back diffused positrons into vacuum cannot be detected because of the large size of the chamber) from these regions. In most polymeric materials, there is a volume, within 100 nm of the surface, where some positrons and positronium species may diffuse back or scatter to the vacuum. The characteristic diffusion lengths of the positron and positronium in a material can be provided by changes in the S-parameter. The momentum distribution is quite narrow for p-Ps annihilation radiation, followed by that of o-Ps pick-off annihilation which is narrower than free positron annihilation. This is because o-Ps mostly annihilates with valence electrons rather than core electrons in the material. Therefore, the S parameter mainly reflects the intensity of the Ps annihilation in amorphous polymers. In the variable energy positron beam DBES experiment, as the positron implantation energy increases, the fraction of escaping particles is reduced and that portion of positrons and Ps atoms annihilating in the sample increases. This is reflected in the increase in the S parameter as positron implantation depth increases through the near surface region. A nearly constant value of S is observed at sufficient material depths, related to annihilation in the bulk material, and indicating that the escaping fraction of positrons and Ps atoms has been considerably reduced.
A two-layer structure model, for a surface layer and the bulk, was fitted using the VEPFIT program 42, 43 the fitted results are shown as lines in Figure 2 . In Table 1 the fitted results for layer thickness, S parameter, and derived positron diffusion length, L, for each layer are listed.
It is known that depending on the preparation method of samples used, more or less of cavities could be found inside the membranes, and this is represented by the values of R parameter. R parameter is defined as the count of the valley region to the total count of DBER spectra. Figure 3 presents the R parameter of the ZnO/WBPU nanocomposites. As shown in Figure 3 , the large value of R parameter near the surface is due to the annihilation of o-Ps in vacuum since there are no pores inside the WBPU polymer. Also, it is noticed that the R parameter of the WBPU/ZnO nanocomposite is almost the same indicating the homogeneity of the sample nanocomposites and Figure 1 . Doppler broadening energy spectrum (DBES, top) and definitions of S, W, and R (3g/2g ratio) parameters from DBES. S is the ratio of total counts from central region, W is the ratio of wing region, to the total 511 keV annihilation counts, respectively, while R is the ratio of 3g/2g annihilation.
good dispersion of the nanoparticles into the polymer matrix in addition to the presence of one type defect (free volume) since R parameter is sensitive to the defect type.
Positronium (Ps) diffusion lengths in polymers are typically very small and on the order of 1-10 nm, while positron, e þ , diffusion lengths in polymers in on the order of 100 nm. 44 When the positron implantation energy increases to a certain value, the S parameter will reach a plateau, and may be related to the bulk properties of the WBPU or ZnO/WBPU hybrid materials. From Table 2 , the bulk S parameter, S 2 , (related to free volume) decreases with the small amount of ZnO (1%) as shown in Figure 4 . Considering the nano-scale dimension of ZnO particles, no free volume is expected in ZnO, thus the source of the observed decrease in S parameter is ascribed to interactions between ZnO and WBPU chains. We propose that there is strong interfacial interaction resulting from hydrogen bonding interactions 45 between the hard segments of the urethane linkage and the surface of the ZnO nanoparticles, due to the presence of hydroxyl groups on the former. Concerning the total amounts of free volume (FV) of WBPU, it is believed that the large part of FV should be found in the soft domain due to: (i) the long chains of polyol as well as (ii) the lack of interactions between the soft segments; in contrast to the strong interactions between urea and urethane groups in the hard domain of WBPU. As a consequence, just a small amount of ZnO added would be enough to reduce all the FV amount inside the hard domain. According to results found on previous figures, it can be deduced that after about 2% ZnO, the ZnO particles would be used to fill the large portion of FV inside the soft domain, even though there is a lack of interface interactions between ZnO surface and polyol chains. However, the small size of ZnO may help this FV filling. Another significant result is that diffusion lengths, both in the surface layer and bulk, decrease with increasing ZnO concentrations ( Figure 5 ). This observation may be explained by positron trapping in ZnO/WBPU interfacial layers that are a result of introducing the nanofiller. In order to quantitatively show the difference of S parameter between pure WBPU and nanocomposites, the following equation can be used
where S ZnO/WBPU is the S parameter of nanocomposite and S WBPU is the S parameter of neat WBPU. In Figure 6 , the value ÀÁS versus positron incident energy is plotted for the ZnO/WBPU nanocomposite samples. The value ÀÁS increases as a function of ZnO content in WBPU. Taking the magnitude of ÀÁS as a quantitative indicator of free volume and open spaces in the hybrid nanomaterial, the difference of -ÁS versus depth, d, from the surface to the bulk was fitted according to the following exponential function
where ÀÁS 1 is the ÀÁS at d ! 1, associated with the bulk and reflecting the level of change in S parameter for a particular percentage added of ZnO nanoparticles. The value " is a coefficient for the S parameter change with respect to the depth and it reflects the ÀÁS increasing rate along the depth. As can be seen from Figure 6 , the variation of -ÁS versus incident energy (depth) relates the effect of adding ZnO nanoparticles to WBPU matrix as a function of the depth, because -ÁS increases as function of depth. The observed difference can be attributed to two effects: (1) back diffusion to the vacuum of positron and positronium particles near the surface (<100 nm), and (2) free volume differences through the depth profile of pristine WBPU compared to ZnO/WBPU nanocomposite materials. Fitted results are listed in Table 2 and indicate that " decreases with the increase in ZnO concentration. If we define a ''half depth'' (d 1/2 ¼ ln2/ ") as where ÀÁS has changed by half from surface to bulk, the d 1/2 value increases as ZnO nanoparticle concentration increases (see Figure 7) . We propose that the larger -ÁS for 5% ZnO/WBPU results from a larger decrease of free volume because of stronger interfacial interactions. Those results indicate that layers in ZnO/ WBPU vary from the surface in terms of free volumes and interfacial spaces with the addition of ZnO particles to WBPU. The DBES results assume that the rate of ÁS change is increasing with increasing ZnO wt% in WBPU matrix. Thus, the results indicate that a change in free volume density, resulting from the interfacial interactions, shown by the S parameter value, is a qualitative measure of free volume in polymers. Also, a change in free volume density along the depth with adding ZnO nanoparticles (S parameter decrease) may be caused as ZnO can effectively inhibit the molecular motion of the WBPU chains. While both the positron and positronium readily localize in defects and free volume spaces, some fraction can diffuse back to the surface and escape to the vacuum. This physical parameter of positron and Ps in polymers is an important factor and is related as the mean positron/Ps diffusion coefficient (D þ ). This mean diffusion coefficient is calculated from the mean diffusion length for a polymer, D, and the positron/Ps lifetime (). 44 The mean diffusion length, D, of the positron or positronium, assuming a one-dimensional Brownian motion, is given as
In polymers containing significant fractions of defects (voids, defects, and free volume), the diffusion PU1% ZnO PU2% ZnO PU5% ZnO Figure 6 . Plot of S-parameter differences (ÀÁS) with implantation depth, calculated from equation Z(E þ ) ¼ (400/r)E þ 1.6 . Lines are fitted using equation (3). coefficient D þ for positronium (Ps) is much smaller than that for the positron (e þ ), because of its neutral charge, localization in the nanostructure, and its high polarizability. In a polymer, generally D Ps is about 10 À6 cm 2 /s, while the corresponding value for the positrons is about 10 À3 cm 2 /s. In addition, the lifetimes of p-Ps and o-Ps in a polymer are typically about 0.125 ns and 2.0 ns, respectively, giving calculated diffusion lengths of 2 Å and 10 Å , respectively. While the lifetime of free positron in the polymer is generally around 0.4 ns, with its large value of diffusion coefficient, its diffusion length is on the order of 50-100 Å . The binding energy of positronium inside the free volume (vacuum) is larger than that in the matrix material. After an inelastic interaction with the free volume wall, the positronium is trapped in it and can now move only along connected free volumes. The measured effective range of the positronium is a combination of its diffusion to free volumes and in free volumes (the extent of interconnected free volumes). For a fixed temperature, the diffusion length is constant.
In addition to the effective diffusion length, which determines the curvature in the depth dependent data, the amount of positronium also plays a role. The energetic positron slows down on its track to its implantation depth, and it ionizes the sample and leaves a spur of free electrons behind. 47, 48 The population of electrons at the terminal of the spur and their mobility determines the likely formation for positronium. When the implanted positrons or the formed positronium atoms are close enough to the surface, they may diffuse back to the surface. This back-diffusion process is responsible for the S-parameter change at near-surface region. There could be several possible reasons for a smaller value of S-parameter in the near surface region: (1) those positrons that diffuse back to the surface annihilate with high-momentum electrons on the polymer surface; 49 (2) fast positronium atoms are formed on the surface from the non-thermalized positrons, which are shallowly implanted in the target and back scattered onto the surface 50 (those fast positronium atoms can readily dissociate and produce high momentum distribution component in 2g peak); or (3) the efficiency of detecting p-Ps annihilation in the vacuum might be less than that in the bulk, because of the geometry factor. Therefore, as the positron incident energy decreases, the fraction of p-Ps in the vacuum increases due to the back diffusion. Since p-Ps intrinsic annihilation attributes to the narrowest momentum distribution in the 2g peak, 51 the loss of p-Ps will result in the decrease of the S parameter. PAL spectra of bulk WBPU were recorded using the conventional fast-fast coincidence system. The positron life time was fitted using the PATFIT program as follows: 1 as a function of the ZnO concentration. These results are presented in Figure 8 . We note that D þ decreases with ZnO concentration in the WBPU. This observation can also be interpreted as a result of the interfacial interactions between the polymer matrix and nanoparticle surface where the positron could be trapped in the interface between the polymer chains and ZnO nanoparticle surface since ZnO does not exhibit ortho-positronium. 52 
Conclusions
Hybrid nanocomposites comprised of ZnO nanoparticles mixed with a waterborne polyurethane were studied using Doppler-broadening energy spectroscopy in conjunction with a variable, mono-energetic positron beam. The experimentally derived S parameter may be successfully used to study the free volume and interface in ZnO/WBPU nanocomposites. The S parameter was found to decrease with larger ZnO nanofiller concentrations in the WBPU matrix; these results are interpreted as indicating strong interfacial interactions between ZnO nanoparticle surfaces contacting the polymer matrix. These results indicate that incorporating ZnO nanoparticles into WBPU disrupts its molecular structure. These mean the free volume density decreases along the depth and these may be explained as ZnO increases the physical cross linking of the polymer chains.
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